A simple DNA-based data storage scheme is demonstrated in which information is written using "address-encoded" oligonucleotides to encode two bits. In contrast to other methods that allow arbitrary code to be stored, the resulting DNA is suitable for downstream enzymatic and biological processing. This capability is crucial for DNA computers, and may allow for a diverse array of computational operations to be carried out using this DNA. Although here we use gel-based methods for information readout, we also propose more advanced methods involving protein/DNA complexes and atomic force microscopy/nano-pore schemes for data readout.
In order to address these limitations we have developed an alternative DNA based memory that requires only simple methods to unambiguously readout the encoded information. Since the resulting molecules are linear double-stranded DNA, in principle this memory is compatible with a broad range of enzymatic and biological methods. Our method takes advantage of DNA recognition enzymes in order to distinguish between the "1" and "0" memory states. For this purpose we have chosen to use the restriction endonuclease EcoR1 6 , an enzyme that binds to the palindromic sequence G^AATTC, cutting both DNA strands at the site marked "^". We chose this enzyme as it is well known that it possesses high stringency for its cognate recognition site 6 . By engineering the memory states "0" and "1" so that in one case the enzyme can recognize the DNA, and in the other it cannot, we can unambiguously determine the information content by a simple EcoR1 digestion procedure.
Our device operates on the principle of using linear DNA to specify a one dimensional array of writeable address locations (See Figure 1 and 3) . Each of these locations is unique and the address space is large, for example by using 24 bases for the address, there are potentially 4 24 unique address sequences. Each memory location consists of two parts, the addressing sequence, and the writeable memory sequence. The writeable sequence is composed of the recognition site for the restriction endonuclease, EcoR1, GAATTC. The addressing sequence is divided in half and flanks the EcoR1 site, this is done to allow sufficient space between each DNA site for the enzyme to bind and cut. To write to each memory location, an oligonucleotide that contains the complement to the addressing sequence is used. For each memory location in the device, two of these oligonucleotides are required, one to code for a "0" and one to code for a "1". These oligonucleotides differ only within the EcoR1 site itself, the region complementary to the memory sequence remains unchanged. The oligonucleotide that represents "1" contains a 4 nucleotide base mismatch, specifically GAATTC is changed to GTTAAC, such that the sequence will not base pair to the central four bases of the EcoR1 site in the device. The oligo for "0" is completely matched along the length of the memory element, and therefore the completely basepaired EcoR1 site is formed. The consequence of this is that if the mismatched oligonucleotide representing "1" is used to address the memory location, a double-stranded EcoR1 site cannot form and the enzyme will not bind to or cleave the DNA. The oligonucleotide representing "0" forms the complete EcoR1 site and therefore the protein can recognize its cognate site, and will cleave the DNA under normal conditions. In this demonstration we used DNA cleavage by the EcoR1 enzyme as the means to readout information from our device.
Methods and Results.
In order to create a 2-bit capacity DNA based device with four distinct states (00, 01, 10, 11), five chemically synthesized ssDNA molecules were ordered from Integrated DNA Technologies; see Fig.1 for sequences. The first of these, "Blank_Medium" consists of 77 bases and contains two recognition sites for the Restriction Endonuclease EcoR1. These restriction sites are each flanked by regions of DNA serving as addressing sequences. For each location on "Blank_Medium", two shorter ssDNA addressing molecules were synthesized, for encoding "0" or "1", each containing the complement to the flanking addressing sequence. The "0" molecules also contain the complement to the EcoR1 sites, while the "1" molecules have four mismatched bases within the EcoR1 site, (GAATTC → GTTAAC).
To store information using these molecules, one need only mix together the "Blank_Medium" with either of the addressing molecules for each memory location, depending if a "0" or a "1" is desired. In practice, this was done by setting up a 50 µl annealing reaction in 1x NEB buffer #2 (10 mM Tris-HCl pH 7.9 @ 25°C, 50 mM NaCl, 10 mM MgCl 2 , 1 mM Dithiothreitol), with each ssDNA molecule present at 3 µM. The reaction was incubated at 95°C to melt all base-pair interactions, and then slowly cooled to room temperature over several hours. Following this step, the information should then be stored within the molecules.
Subsequent readout of the stored digital information was achieved by performing a restriction digest with the enzyme EcoR1 (New England Biolabs). If a "0" was written at any given memory location, a completely base-paired cognate EcoR1 site is formed that will be recognized and cleaved by the enzyme. However, if a "1" was written, the four mismatched bases prevent the EcoR1 from recognizing and cleaving the DNA. By subsequent gel electrophoresis of the digestion products it is now possible to unambiguously determine the information encoded. In practice, 10 µl of the encoded product DNA was added to 40 µl NEB buffer #2 plus 40 Units of EcoR1. These reactions were incubated for 48 hours at 37 °C to ensure complete digestion of all EcoR1 sites. The reaction products were then analyzed by polyacrylamide gel electrophoresis (PAGE) in Tris-borate EDTA buffer at 10V/cm. A 10 bp DNA step ladder was run alongside the samples in order to determine fragment lengths on the gel (Fig.2) .
Following EcoR1 digestion, the resulting products were analyzed using a native polyacrylamide gel; see Fig.2 . As can be seen, each state of the DNA memory device is easily distinguished from the other three and the expected DNA fragments are present as described above. Each of the four states "00", "01", "10" and "11" has been faithfully recorded into the DNA and can be unambiguously read using EcoR1, as expected.
Discussion. The presented DNA memory device is easily scaled to much larger capacities; one need only increase the overall length of the "Blank_Medium" molecule to include additional memory locations and synthesize the corresponding addressing molecules for the new locations. It should be noted that these molecules must be made, in the first instance, by chemical synthesis. However, following this initial step, any arbitrary data can be stored without the need for synthesis of further molecules. In this way, our DNA memory device is a truly generic storage medium.
In this prototype device, the EcoRI sites were engineered so as to yield differently sized fragments upon digestion, e.g. to distinguish "01" from "10". As the capacity of such a memory device increases, this method for removing ambiguity will become increasingly impractical. In a larger device, the sites should be equally spaced along the molecule and the data stored as a palindrome within the DNA, i.e. all memory locations duplicated and reflected around the center of the molecule (Figure 3a ). With such a construct all states will yield a unique pattern of digestion products. This has the added advantage of introducing redundancy into the memory, while decreasing the information density by only a factor of two.
The resulting DNA memory is ready for use in further enzymatic manipulations; the fact that EcoR1 is able to digest the product efficiently already shows that it is a suitable substrate for at least this class of DNA processing enzymes. By sealing the single-stranded "nicks" in the DNA between adjacent memory locations, using ligase, it should be possible to amplify such DNA by PCR, and potentially to introduce it into living systems; such steps have been shown to be crucial for successful DNA information technology applications [2] [3] [4] . It would be true that only 50% of the PCR amplified DNA would be of the sequence desired, but by molecular cloning of these sequences into single-copy plasmids (e.g., Novagen's pETcoco-1), the clones could be screened and only the desired sequence selected from resulting transformants.
We do not expect that restriction digestion and gel analysis will be the method of choice for readout of the data in a practical application, especially when the capacity is increased. The gel method used here has two distinct limitations, firstly it is slow, and very long gels would have to be run to resolve the digestion fragments in larger devices. Furthermore, as the data is read in this fashion it is destroyed. However, we propose an alternative readout strategy that would overcome these limitations. A mutant version of EcoR1 exists that has the ability to bind tightly to the cognate DNA site, but is unable to cut the molecule 7 . It simply remains bound, forming a protein "stud" on the DNA; such mutant EcoR1/DNA complexes studded along a length of λ-DNA have been imaged using atomic force microscopy (AFM) 7 . It should be possible to use a similar method to decorate our memory device with EcoR1, each binding to the cognate sites located at the "0" positions, while leaving gaps where the EcoR1 is unable to bind the mismatched sites that represent "1". The readout could be performed using AFM and subsequent image analysis, as was done with EcoR1 on λ-DNA 7 . However, a more exciting prospect is to feed the protein/DNA complex through a solid-state nanopore 8 forming a "Nanoscale digital tape drive" (Figure 3b ). The pore diameter would be engineered to yield a large current blockade differential when EcoR1/DNA complexes pass through as opposed to when naked DNA strands pass through. The palindromic nature of the encoded data means that there is no need to control the orientation of the DNA molecule as it enters the nanopore. Thus, the data could be read as a sequence of blockade events, and the intact protein/DNA complex could then be returned to a storage area to be accessed later.
By having a robust, simple means to encode a sequence of digital information into DNA in a form that is suitable for a wide range of further manipulations, the goal of practical, large scale DNA computing may be a step closer to reality. Memory sequences used are shown at the top, with the EcoRI sites (Blue), and the sequences comprising memory location 1 (Magenta) and memory location 2 (Red). In the address-encoded molecules, the binary digit "1" is represented by a partially mismatched EcoRI site (Green), while the binary digit "0" has the full complement to the EcoRI site (Blue). Shown are 2-bit sequences (00, 01, 10, 11) written onto blank media. Prior to annealing, the blank medium and specific addressing molecules are added to the reaction in order to achieve the desired data sequence after annealing. Shown are the expected DNA fragments resulting from EcoR1 digestion of the encoded DNA products.
Figure 2.
Restriction digest with EcoRI enzyme yields a distinct pattern of DNA fragments, which depends upon the specific EcoRI sites that have been protected. In this way the four states of the 2-bit device, 00, 01, 10 and 11 can unambiguously be determined. The encoded DNA molecule is incubated with the mutant form of EcoR1 that is able to bind tightly to its correct DNA site but is not able to cleave the DNA 7 . (b) The resulting "studded" DNA is then fed through a solid-state nanopore, driven by an applied voltage. The current through the nanopore is measured as a function of time and discrete additional blockade events would be observed (simulated here) each time an EcoR1/DNA complex passes through the nanopore. This current versus time data can then be used to determine the digital sequence of the encoded DNA.
